As the Tb 3+ -doped LaAlGe 2 O 7 phosphors were synthesized by solid-state method, their characterization and luminescent properties were also investigated. The extraordinary excitation spectra showed only intense f-f transition of Tb 3+ ions around near-UV region, while the 4f-5d transition could be neglected. Under excitation, the as-obtained powders emitted bright green light at 544 nm ͑ 5 D 4 → 7 F 5 ͒. By analyzing the decay curves, the energy migration between Tb 3+ ions is conspicuous in 5 D 3 → 7 F 5 transition due to the cross-relaxation in LaAlGe 2 O 7 . One of the interesting results of this work is that the excitation spectrum of the phosphor and the emission spectrum of the near-UV light-emitting diode ͑LED͒ have closely overlapped, which provides the potential as a near-UV LED converted phosphor in 3 Nevertheless, these conventional phosphors are not ideal for white LED lighting devices because they have poor absorption in the near-UV to blue light region. Hence, another way to improve color rendering of the white LED, is to combine the red, green, and blue phosphors which can be excited by UV-LED with a wavelength of 350-400 nm. Recently, the red Y 2 O 2 S:Eu 3+ , green ZnS:Cu + , Al 3+ , and blue ZnS:Ag + sulfide-based phosphors are being used for white lighting, which are based on near-UV/AlGaN -LED. 4 However, there are certain disadvantages in using sulfidebased materials, which are chemically unstable and the lifetime of the materials is inadequate under extended UV irradiation. The rareearth ions are characterized by partially filled 4f shell that is well shielded by 5s 2 and 5p 6 orbitals. Therefore, the emission transitions yield sharp lines in the optical spectra.
White light-emitting diodes ͑LEDs͒ are of much interest in new solid-state lighting devices. Blue LED chip coated with Y 3 Al 5 O 12 :Ce͑YAG:Ce͒ phosphor were used to produce a white light. 1, 2 However, this white light does not have high color rendering index ͑CRI͒ properties. Generally, human eyes sense higher brightness from the three band white light. The three band white light has high CRI values resulting in clear appearance to colored objects. Currently, tricolor phosphor of BaMgAl 10 3 Nevertheless, these conventional phosphors are not ideal for white LED lighting devices because they have poor absorption in the near-UV to blue light region. Hence, another way to improve color rendering of the white LED, is to combine the red, green, and blue phosphors which can be excited by UV-LED with a wavelength of 350-400 nm. Recently, the red Y 2 O 2 S:Eu 3+ , green ZnS:Cu + , Al 3+ , and blue ZnS:Ag + sulfide-based phosphors are being used for white lighting, which are based on near-UV/AlGaN -LED. 4 However, there are certain disadvantages in using sulfidebased materials, which are chemically unstable and the lifetime of the materials is inadequate under extended UV irradiation. The rareearth ions are characterized by partially filled 4f shell that is well shielded by 5s 2 and 5p 6 orbitals. Therefore, the emission transitions yield sharp lines in the optical spectra. 5 The use of rare earth element-based phosphor, based on "line-type" f-f transitions, can be narrowed to the visible, resulting in both a high-efficiency and a high lumen equivalent. Accordingly, it is urgent to find a stable, inorganic rare-earth-based phosphor with high absorption in the near-UV region.
The stoichiometric formula of germanates MRGe 2 O 7 ͑where M = Al 3+ , Ga 3+ or Fe 3+ and R = rare earth ion͒ have been reported in the early 1980s which belongs to the monoclinic AlNdGe 2 O 7 structure type [6] [7] [8] with space group of P2 1 /c ͑no. 14͒. These kinds of compounds show great interests in laser crystal physics; for instance, the incorporation of R 3+ activators into single-centered hosts up to full substitution of all cations gives the possibility to obtain the so-called self-activated crystals. Hence, the luminescence study of a series of such compounds provides much valuable information in the optical applications. In our investigation, we prepared the rareearth ion-doped phosphors with good stability and solid solubility because the increase of the activator concentration makes the luminescence materials emit more brightly. Rare-earth ions can be separated by AlO 5 4+ to Tb 3+ to obtain higher emission intensity. Certainly, this reduction process improved the emission intensity by about 30-40%. The powders present a white color, which indicates that all terbium ions are in the trivalent state.
The X-ray diffraction ͑XRD͒ profiles were measured with a Rigaku D/max X-ray diffractometer, using Cu K␣ ͑ = 1.5406 Å͒. The data of all the samples are single phase without any impurity, which indicates that the Tb 3+ ions have satisfactorily substituted for La 3+ ions in the lattice. The ambient temperature photoluminescence ͑PL͒ spectra were obtained by Hitachi F-4500 fluorescence spectrophotometer equipped with a Xe lamp. Optical absorption spectra were measured at room temperature using a Hitachi U-3010 UVvisible spectrophotometer.
Results and Discussion
Trivalent terbium with 4f 8 configuration has complicated energy levels and various possible transitions between f levels. The transitions between these f levels are highly selective and of sharp line spectra. For convenience, the photoluminescence excitation spectrum of LaAlGe 2 O 7 :Tb and the optical absorption spectrum of LaAlGe 2 O 7 host lattice are shown in Fig. 1 . The series of sharp excitation peaks between 250 and 500 nm correspond to the Tb 3+ intra-4f ͑4f 8 -4f 8 ͒ transitions. A different phenomenon is noted by comparing with the conventional Tb-doped phosphors, 9-11 the particularly noteworthy one is that the remarkably weak 4f-5d transition band of Tb 3+ ion around 235 nm could be detected in the excitation spectra. This phenomenon is uncommon because the typical Tb-activated phosphors always show strongly 4f-5d transition band absorption around 200-300 nm. The major absorption edge of pure LaAlGe 2 O 7 is situated ϳ240 nm. It might be acceptable that the 4f-5d transition band overlap the absorption band of the host lattice, so that the 4f-5d transition has less contribution to the excitation. In fact, the existence of 4f-5d transition band in the spectrum is almost ignored. The uneven components mix a small amount of oppositez E-mail address: enphei@mail.ncku.edu.tw parity wave functions ͑like 5d͒ into the 4f wave functions. In this way the intraconfigurational 4f
n transitions obtain some intensity. The forbidden 4f-4f transition steals some intensity from the allowed 4f-5d transition. 5 This may be the reason that LaAlGe 2 O 7 :Tb shows intense f-f absorption. Additionally, it is recognized that only direct excitation of Tb 3+ ions could be observed and no efficient energy transfer occurs between activator and host. The optimum emission performance is provided by excited at ϳ370 nm corresponding to the 7 concentration. As can be seen, the intensity of the emission from 5 D 3 decreases with the increasing Tb 3+ concentration due to the cross-relaxation. This is the process whereby excitation energy from an ion decaying from a highly excited state promotes a nearby ion from the ground state to the metastable level. In trivalent terbium, the energy gap between the 5 D 3 and 5 D 4 levels is close to that between the 7 F 6 and 7 F 0 levels. As a result, if the Tb 3+ concentration is sufficiently high, the higher energy level emission can be easily quenched in favor of the lower energy level emission. 12 The following cross-relaxation may occur
This process depends on the interaction between two nearby Tb 3+ ions so that the cross-relaxation occurs only above the critical Tb 3+ concentration. Figure 3 Figure 4 depicts the decay curves of 5 D 3 → 7 F 5 transition of Tb 3+ under excitation at 370 nm. A single exponential decay is observed for the diluted sample. For higher concentration ͑x Ͼ 0.01͒, however, the observed decay curves become nonexponential, and the nonexponential change is getting more prominent as x increases, which indicates that more than one relaxation process exists. When the luminescent centers have different local environments, the associated ions will relax at different rates. If the rates are dramatically different, the diverse decay curves would also be easily observed. Nevertheless, the lowdoped samples have single exponential decay curve with the longer lifetime that may rule out this possibility. Additionally, it is unlikely that only one site with the shorter lifetime is populated for higher concentration. As previously mentioned, it is clear that a study of the cross-relaxation over ion-ion interaction between two neighboring Tb 3+ ions would be beneficial to clarify this issue. The energy transfer process between the activator ions provides an extra decay channel to change the decay curves. With the increase of Tb 3+ concentration, the distance between Tb 3+ ions decreases; subsequently, the ions becomes more frequent. Thus the decay rate will be different, resulting in a nonexponential decay curve. 14, 15 The energy transfer occurs from one activator to another until an energy sink in the lattice was reached; it is possible to obtain the critical distance ͑R c ͒ from the concentration quenching data. R c is the critical separation between donor ͑activator͒ and acceptor ͑quenching site͒, for which the nonradiative transfer rate equals the internal decay rate. Blasse 16 assumed that for the critical concentration the average shortest distance between nearest activator ions is equal to the critical distance. The LaAlGe 2 O 7 contains a unique crystallographic site available for the activator ͑Tb 3+ instead La 3+ ͒, so that only one type of centre is present. Hence, it is suitable to obtain the critical distance from the concentration quenching data using
where x c is the critical concentration, N is the number of La 3+ ions in the LaAlGe 2 O 7 unit cell ͑Tb 3+ ions are assumed to be introduced solely into La 3+ sites͒, and V is the volume of the unit cell ͑545.45 ϫ 10 −30 m 3 in this case͒. For 5 D 3 → 7 F 5 transition, the critical concentration is estimated to be about 1 mol %, where the measured emission intensity and decay time begin to decrease quickly. Using the above equation, the R c was determined to be about 29. in oxides. 17, 18 In contrast with 5 D 3 → 7 F 5 transition, the decay Recently, the sulfide-based phosphors were reported to be good excitation efficiency for blue to near-UV LED. 21, 22 Therefore, the commercial green sulfide phosphor ZnS:Cu + , Cl − is available used as the standard for the luminescence properties measurement. The luminescence properties of La 1−x Tb x AlGe 2 O 7 and ZnS:Cu + , Cl − are listed in Table I . The maximum emission intensity is about 25% higher than the commercial green phosphor. Furthermore, the emission band of La 1−x Tb x AlGe 2 O 7 is very sharp with the full-width at half maximum ͑fwhm͒ about 5 nm. This property is suitable for the application in tri-color mixture lighting, leading to high color rendering index.
Conclusions
A highly efficient green emitting phosphor, Tb 3+ -activated LaAlG 2 O 7 , was synthesized and its luminescence properties have been investigated. In the photoluminescence excitation spectra, only the intense f-f transitions could be found. This phenomenon is unusual for conventional Tb-activated phosphors. From decay curves analyses, the energy migration between Tb 3+ ions was more pronounced in 5 
